Variability selection has been proposed as a powerful tool for identifying both low-luminosity active galactic nuclei (AGN) and those with unusual spectral energy distributions. However, a systematic study of sources selected in such a way has been lacking. In this paper, we present the multiwavelength properties of the variability-selected AGN in GOODS-South. We demonstrate that variability selection indeed reliably identifies AGN, predominantly of low luminosity. We find contamination from stars as well as a very small sample of sources that show no sign of AGN activity, their number is consistent with the expected false positive rate. We also study the host galaxies and environments of the AGN in the sample. Disturbed host morphologies are relatively common. The host galaxies span a wide range in the level of ongoing star formation. However, massive starbursts are only present in the hosts of the most luminous AGN in the sample. There is no clear environmental preference for the AGN sample in general but we find that the most luminous AGN on average avoid dense regions while some low-luminosity AGN hosted by late-type galaxies are found near the centres of groups. AGN in our sample have closer nearest neighbours than the general galaxy population. We find no indications that major mergers are a dominant triggering process for the moderateto low-luminosity AGN in this sample. The environments and host galaxy properties instead suggest secular processes, in particular tidal processes at first passage and minor mergers, as likely triggers for the objects studied. This study demonstrates the strength of variability selection for AGN and gives first hints at possibly triggering mechanisms for high-redshift low-luminosity AGN.
I N T RO D U C T I O N
While our understanding of the physics of active galactic nuclei (AGN) has grown considerably over the last decades, an important questions about AGN remains unanswered until today: How are AGN triggered? This question has become of interest also for a wider field of astronomy research when it became clear that AGN likely play an important role in the evolution of galaxies. The masses of the central black holes in nearby galaxies correlate surprisingly well with the properties of their hosts (Ferrarese & Merritt 2000; Gebhardt et al. 2000; Graham et al. 2001 Graham et al. , 2011 Novak, Faber & Dekel 2006) . It has been argued that these correlations imply a causal connection between AGN and their hosts, or at least the galactic bulges of their hosts (e.g. Silk & Rees 1998) . However, E-mail: villforth@astro.ufl.edu other authors have argued that the data do not necessarily imply a casual connection (Peng 2007; Jahnke & Maccio 2011) , but can be explained by progression to the mean during mergers throughout cosmic time. Furthermore, the fact that both star formation and AGN activity peak around a redshift of two has been used as an argument for a causal connection between AGN and galaxies (e.g. Boyle & Terlevich 1998; Merloni, Rudnick & Di Matteo 2004) .
Theoreticians have suggested several mechanisms in which AGN activity and galaxy evolution could be connected (e.g. Sanders & Mirabel 1996; Silk & Rees 1998; Hopkins et al. 2008) . Major mergers of galaxies have been the main mechanisms discussed (Sanders & Mirabel 1996; Silk & Rees 1998; Hopkins & Hernquist 2009) , in particular for the most luminous quasars. The evidence for major mergers as triggers for AGN activity has been mixed (e.g. Canalizo & Stockton 2001; Hopkins et al. 2008; Cisternas et al. 2011a; Kocevski et al. 2012; Schawinski et al. 2012 , and references therein) and latest studies seem to imply that earlier findings are mostly due to selection effects (Cisternas et al. 2011a; Kocevski et al. 2012) . Recent studies have also emphasized that other mechanisms might play a role in triggering AGN activity in particular for low-luminosity AGN and heavily obscured systems (Hopkins & Hernquist 2009; Bournaud et al. 2011) . These studies have emphasized that to properly understand AGN activity, one needs to study a wide range of AGN types, both in luminosity and obscuration.
Host galaxy studies commonly focus either on low-redshift systems (e.g. Canalizo & Stockton 2001; Veilleux et al. 2009 ) or high-luminosity quasars at high redshift (e.g. Schramm, Wisotzki & Jahnke 2008; Villforth, Heidt & Nilsson 2008; Kocevski et al. 2012) . A part of the parameter space that has been poorly explored are low-luminosity AGN at high redshift, this is in particular due to the difficulty in identifying high-redshift low-luminosity AGN.
Variability selection has been used as a powerful tool for selecting AGN, in particular due to the emergence of large surveys in the last decades (Schmidt et al. 2010; MacLeod et al. 2011) . In particular, applying it to high-resolution Hubble Space Telescope (HST) data has been recognized as a valuable tool for selecting AGN at low luminosities up to high redshift (e.g. Sarajedini, Gilliland & Kasm 2003; Villforth, Koekemoer & Grogin 2010; Sarajedini et al. 2011) . In a recent paper, Villforth et al. (2010) published a catalogue of variability-selected AGN in the Great Observatories Origins Deep Survey (GOODS) fields, containing a total of 155 variable sources, 88 of those located in GOODS-South (GOODS-S). The objects found in this study are predominantly of Seyfert luminosities and have dominant host galaxies. In this paper, we aim to analyse the multiwavelength properties of the 88 variability-selected AGN candidates. We will summarize the properties of variability-selected AGN and re-evaluate the issue of contamination from stars and false positives. We will also analyse this particular sample to assess questions concerning the likely triggering mechanisms and environments of lower luminosity AGN at higher redshift. This study will therefore explore a part of AGN parameter space that has been neglected so far and analyse the strength and weaknesses of variability selection.
The paper is structured as follows. Section 2 recaps the sample selection from Villforth et al. (2010) and presents a short summary of data used in this study. Section 3 analyses the spectral energy distributions (SEDs) and general properties of the variability-selected sources and discusses contamination by both stars and false positives. Host galaxies are analysed in Section 4. Section 5 discusses environments of variability-selected AGN, followed by a discussion of the results in Section 6 and summary and conclusions in Section 7. The cosmology used is H 0 = 70 km s −1 Mpc −1 , = 0.7, m = 0.3. Throughout the paper, we use AB magnitudes.
DATA

Sample
In this study, we will use the variability-selected sample from a previous study by the authors, details of the method used can be found in Villforth et al. (2010) , but the basic methods will be discussed here shortly.
Variability selection is performed on five epochs of GOODS data taken with the Advanced Camera for Surveys (ACS) Wide Field Channel (WFC) aboard HST in the F850LP (z) band. Data reduction is performed using MULTIDRIZZLE (Koekemoer et al. 2002 (Koekemoer et al. , 2011 .
The five epochs were separated by about 6 weeks in time, overall spanning about 7 months. An initial selection was performed to reject objects with signal-to-noise ratio (S/N) < 20 in the combined five epoch data. Additionally, only objects with good data in all five epochs were included.
The flux measurements were done by simple aperture photometry, tests were done with a range of aperture sizes, but finally an aperture radius of 0.36 arcsec was chosen. Errors were determined using weight maps and corrected using the full sample. Visual inspection was performed to check for diffraction spikes and affected objects were discarded. The final sample was then selected using a C statistic. A significance level of 99.9 per cent was chosen to limit contamination by false positives, additionally a more rigorous 'clean' catalogue (significance level 99.99 per cent) which is expected to contain only one false positive is provided.
All sources where then cross-checked with a number of catalogues and data bases to reject stars. After this, in the GOODS-S field 88 objects were variability selected, of which 14 were identified as stars, leaving 74 AGN candidates. We expect six sources to be false positives.
Short description of data sets used
In this study, we combine three different data sets covering the GOODS-S field: the photometric redshift and multiwaveband optical-infrared (IR) catalogue used in Dahlen et al. (2010) , the Chandra Deep Field-South (CDF-S) 4-Ms X-ray catalogue from Xue et al. (2011) as well as the CDF-S Very Large Array (VLA) 20 and 6 cm from Kellermann et al. (2008) .
We use photometric redshifts and multiwavelength data from Dahlen et al. (2010) . This data set includes photometric data for the following bands: Very Large Telescope (VLT)/Visible Multiobject Spectrograph (VIMOS; U band), HST/ACS (F435W, F606W, F775W and F850LP bands), VLT/Infrared Spectrometer and Array Camera (ISAAC; J, H and K s bands) as well as four Spitzer/Infrared Array Camera (IRAC) channels (3.6, 4.5, 5.8 and 8.0 µm).
The spatial resolution for the data at different wavelength is as follows: 0.11 arcsec for the HST data, 0.35-0.65 arcsec for the groundbased IR data, 0.8 arcsec for the U-band data and 1.7-1.9 arcsec for the IRAC data. The resolution for the Chandra data is about 0.5 arcsec with a typical spatial uncertainty of 0.4 arcsec. Finally, the VLA data have a typical resolution of about 3.5 arcsec.
We also use the CDF-S 4-Ms catalogue from Xue et al. (2011) , this catalogue considerably improved the sensitivity from existing X-ray catalogues (Luo et al. 2008 ) to 3.2 × 10 −17 , 9.1 × 10
and 5.5 × 10 −17 erg cm −2 s −1 for the full, soft and hard bands, respectively. Radio data at 1.4 GHz (20 cm) and 4.8 GHz (6 cm) are taken from Kellermann et al. (2008) , with a rms per beam between 9 and 43 µJy for the 20-cm band (lowest rms beam −1 is reached in the centre of the field).
Both X-ray and radio catalogues are matched to the z-band variability-selected catalogue in a simple radius matching technique. Matching radii correspond to the typical resolution of the data. The matching procedure is analysed to verify that there are no offsets between the coordinate systems. For this purpose, we analyse the distributions of distances in both right ascension and declination and check for offsets from zero. These offsets are then corrected for and the matching process is iterated. We find a small offset of about 0.1 arcsec in both right ascension and declination for the 4-Ms data only. Correcting for it however does not significantly change the number of matches. No offset is found in the radio data matching.
S P E C T R A L E N E R G Y D I S T R I B U T I O N S A N D G E N E R A L P RO P E RT I E S O F VA R I A B I L I T Y-S E L E C T E D AG N
With a 99.99 per cent significance level, 88 variable objects were found in GOODS-S, after rejecting stars, 74 variability-selected AGN remain, of those sources, 21 had reported spectroscopic redshifts (Villforth et al. 2010) . 21 additional sources have spectroscopic redshifts reported in the current paper, yielding a total of 42 sources with spectroscopic data. Three of the 88 initial sources do not show up in the multiwavelength catalogue and are thus discarded, leaving 71 objects studied here. All references for the spectroscopic redshifts can be found in Table A1 in Appendix A. Spectroscopic redshifts range from 0.0459 to as high as 3.7072. Adding the photometric redshift data from Dahlen et al. (2010) gives us redshift estimates for the rest of the sources. The photometric redshifts range from 0.04 to 4.34. The mean and median of the redshift distribution are 0.94 and 0.6.
SED fitting procedure
We make use of the wide wavelength coverage in the opticalnear-IR (NIR) available for GOODS-S. As a comparison, we use the Spitzer Wide-Area Infrared Extragalactic (SWIRE) template library, 1 which provides templates over a wide wavelength range for normal quiescent elliptical and spiral galaxies, starburst galaxies, quasars as well as mixed starburst and AGN objects. The templates are based on data from Silva et al. (1998) , Gregg et al. (2002) , Berta et al. (2003) , Hatziminaoglou et al. (2005) and Polletta et al. (2006) . Additionally, we use the Kurucz (1993) stellar models (Kurucz 1979) .
2 SED fitting is performed using a simply leastsquare minimization technique. In a first step, stellar SEDs at a redshift of zero are fit to identify stellar contaminants, this is discussed in Section 3.1.1. AGN/galaxy combination fits as well as typical errors, caveats, possible biases and sources of systematic errors are then discussed in Section 3.1.2.
Rejection of stars
Variable stars are a possible contaminant to the variability-selected AGN sample. While the GOODS-S field is located far from the galactic plane, halo stars could still be present. It is also known that many stars show variability on time-scales larger than a few hours, with a majority showing variability on the scale of a few per cent on week and month time-scales (e.g. Bryden et al. 2011; Hartman et al. 2011) . While this is generally shorter than typical variability time-scales of AGN, which tend to be on the order of weeks instead of hours (e.g. Kelly, Bechtold & Siemiginowska 2009 ), stars will still show detectable variability on the month time-scales sampled by the data. Therefore, initially selecting against point sources is not useful since quasars are point sources.
In Villforth et al. (2010) , we identified 14 objects as stars through archive searches. Using SED fitting, we additionally identify 10 objects as stars, usually of G-M-type stars. Note that a majority of these stars were identified as low-redshift early-type galaxies in the photometric redshift catalogues due to their SED shape. Only the mid-IR data allow us to reliably distinguish those objects from faint red galaxies.
In the following analysis, we will no longer include objects identified as stars through either SED fitting or through literature search. They are still listed in Table A2 in Appendix A. After flagging all stellar objects, a total of 61 non-stellar variability-selected sources remain. We will not further consider objects identified as stars and continue with those 61 objects, which we will label AGN candidates.
Combination fits of remaining AGN candidates
For the sample of 61 AGN candidates, we perform mixed SED fits. This means that we fit a mixture of AGN and galaxy SEDs, we perform these fits for a range of different input SEDs for both the AGN and galaxy components. In total six different AGN SEDs and 11 different galaxy SEDs where used. For each of those combinations, we vary the fractional distribution of the galaxy and AGN in the z band and fit the combined SED. The best fits for each combination are then compared and the overall best fit is selected. All results of the SED fits are provided in Table A1 in Appendix A.
Out of the 61 objects, a clear best fit was found for 47 objects. For the other 14 objects, the fit was ambiguous. We could not determine the properties of those sources reliably. The sources with failed fits are predominantly faint, extended and show clear disturbed morphology. The failed fits might be due to several reasons. Because of the long time-span over which the data were taken, the AGN variability can cause excess scatter. Strong line emission could cause additional bumps in the SED and multiwavelength photometry might be less reliable for sources with complex morphology due to the differences in resolution. Additionally, failed fits generally show erratic SEDs that might be indicative of an AGN-dominated SED with strong variability. The failed fits will be discussed in more detail in Section 3.7.
The SED fits contain several sources of errors. We will first qualitatively discuss different influences and then quantify these effects to derive expected errors on determined magnitudes.
(i) Variability. The AGN in this sample were selected through their variability. Because of the fact that the multiwavelength data were taken over a time-span of several years (Dahlen et al. 2010) , the AGN variability causes additional scatter in the SED that are not accounted for in the photometric errors. This causes poorer fits than expected. Therefore SED fitting is especially difficult for sources that are AGN dominated, as well as for those with already large photometric errors (see also Section 3.7). A proper treatment of this effect is complicated since variability strength varies across the SED and photometric data are often taken over a wide time-span (Dahlen et al. 2010) . This is beyond the scope of the current project. However, we do not expect this effect to cause systematic errors in our fits.
(ii) Size of template library. For template fitting, there is a tradeoff between using a large set of templates and therefore being able to account for subtle differences in the SEDs against using a smaller subset, resulting in less accurate fits but more robust results. Because of the complexity of the SEDs, we decide for a limited template library. A larger number of templates will cause difficulties in finding global minima in the fit.
(iii) Unclear redshift. Two-thirds of the AGN (42/61) in this sample have spectroscopic redshifts, leaving 19 objects for which we rely on photometric data. Some of the spectroscopic redshifts are of lower quality (i.e. rely on noisy spectra or single line detections). While the photometric redshifts of sources with significant galaxy contribution are relatively reliable (see Section 3.2), some of the sources have very uncommon SEDs and we cannot find reliable redshift fits. While the majority of the sample has accurate enough redshifts to have little influence on the resulting fits, a few sources have SEDs for which we cannot determine the proper redshift (see Section 3.7 as well as Fig. 13 ).
Taking into account the factors mentioned above as well as typical uncertainties in the fit, the resulting errors in the AGN and galaxy magnitudes are typically 0.5-0.7 mag for the non-dominant component and around 0.1 mag for the dominant component. Errors in the percentage contribution are typically 1-5 per cent points.
To determine the actual luminosity of the AGN component, it is important to disentangle the contribution of galaxy and AGN. Fig. 1 shows the contribution of the AGN to the overall magnitude for all variability-selected sources for which the fit succeeded. The AGN contribution can be as low as ∼5 per cent. In the following, we will call sources with >190 per cent AGN contribution in z AGN dominated, those with <10 per cent AGN contribution galaxy dominated and all others mixtures. Fig. 2 shows the magnitudes and redshifts of AGN dominated, mixture and galaxy-dominated sources. Galaxy-dominated sources are only present at very low redshifts where the small aperture used in Villforth et al. (2010) only includes a small proportion of galaxy light and therefore makes the detection of variability of a faint source against a background galaxy easier. A majority of sources beyond redshift 0.5 are mixture objects.
Redshift distribution of AGN candidates and accuracy of photometric redshift
Comparing the photometric redshifts of all GOODS-S sources to the AGN candidates, we see that the variability-selected sources are predominantly at rather low redshift. About 1 per cent of all sources in the z-band catalogue are detected to be variable at a redshift below 0.5. The fraction of variability-selected AGN candidates drops off at higher redshift. The lower S/N for objects at higher redshift makes it harder to detect variability for those sources. On the other hand, the fact that the spectrum is redshifted and therefore shorter wavelengths are sampled for higher redshift objects makes detec- tion at higher redshifts more efficient since variability is stronger at shorter wavelengths (Vanden Berk et al. 2004; Trevese et al. 2008 ). Our results show that the drop in S/N dominates over the favourable change in observed rest-frame wavelength (see Fig. 3 ). Since more stars were identified in this paper, we also show the redshift distribution with those objects removed (third panel from top). The overall trend does not change significantly after removing stars.
Interestingly, Sarajedini et al. (2011) found an increase in the percentage of galaxies with varying nuclei with increasing redshift (their fig. 8 ). The primary reason for this appears to be due to the different wavelength at which the variability surveys were conducted. In the V band, the distribution of galaxies is weighted towards lower redshifts when compared to the z-band survey (see fig. 8a in Sarajedini et al. as compared to the top panel in our Fig. 3 ). While the redshift distribution of V-and z-band selected variables is similar, the galaxy distributions are not. Thus, the trend in the percentage of galaxies hosting variables as a function of redshift in the two surveys differs. The fact that the redshift distributions of the variable AGN samples are quite similar regardless of their parent populations is a testament to the robustness of using variability to identify low-luminosity AGN across a range of redshifts.
One of the main reasons to use variability was to find lower luminosity AGN at higher redshift, the absolute magnitudes of our sample are shown in Fig. 1 . As we can see, the variability-selected AGN are of moderate luminosity, a majority of the sources lie below the nominal upper limit for Seyfert galaxies of M = −23 (VeronCetty & Veron 2006), showing that variability selection is capable of identifying low-luminosity AGN. The lack of luminous AGN is not entirely surprising since those sources are generally rare in pencil beam surveys such as GOODS due to their low number density.
In photometric redshift codes, galaxy templates are fitted to multiwaveband data. Since AGN spectra are distinct from galaxy spectra, there is concern that the code might be less accurate in determining redshifts. Fig. 4 shows a comparison between the photometric and spectroscopic redshift for the 42 objects with spectroscopic data. We see that in most cases the agreement is very good with a few strong outliers, all of which are later on found to have SED dominated by the AGN emission. Therefore, we caution that this finding should not be generalized to the general accuracy of photometric redshifts for AGN since the AGN in this sample are generally of low luminosity.
Inspecting the SEDs of the AGN candidates shows why this is the case: the stellar IR bump stays prominent in most lower luminosity AGN, leaving a Balmer break that allows us to constrain the redshift. This is explored in more detail in the following sections. On the other hand, AGN-dominated sources have SEDs that make it difficult or even impossible to derive redshifts. See for example the SED of the likely blazar in Fig. 10 .
Detailed description of variability-selected AGN SEDs
In this section, we will discuss the SEDs of variability-selected AGN in detail and argue that there are clear signs of AGN activity in a vast majority of the variability-selected AGN sample.
Properties of X-ray-detected AGN
Next, we analyse the X-ray properties of the AGN candidates. 20 variability-selected AGN have X-ray detections, 14 were already detected in the previous 2-Ms data (Luo et al. 2008) . Thus six are only detected in the deeper 4-Ms data. The X-ray-detected sources have a wide range of luminosities and range from moderate to high redshifts, see Fig. 5 . It should also be noted that Fig. 5 (as well as Fig. 15 ) shows the integrated observed z-band magnitudes of the sources, i.e. the galaxy contribution is not subtracted in these plots, and actual AGN magnitudes are fainter. Additionally, since we show the same filter for the whole redshift range, the rest-frame wavelengths covered are quite different. Fig. 6 shows the distribution of spectral indexes from Xue et al. (2011) for the full 4-Ms sample as well as the variability-selected AGN. The spectral indexes of the variability-selected AGN are soft, ranging from −0.1 to 2.3. Typically the line between soft (unobscured) and hard (obscured) AGN is drawn at a = 1, with larger values indicating softer spectra (Xue et al. 2011 ). Of our sample, only three sources lie below this line (J033217.06−274921.9, J033224.54−274010.4 and J033228.30−274403.6). Of those three sources, two have low S/N, making the derived spectral indices unreliable (J033224.54−274010.4 and J033228.30−274403.6). The other source (J033217.06−274921.9) appears to be obscured in the X-ray, it is unclear if the variability selection is due to some weak variability from obscured emission, or if the source shows a peculiar X-ray spectrum. Besides those sources, our sample includes a majority of AGN with soft spectral indexes, as expected from the fact that variability selection strongly favours unobscured sources. This is consistent with the result of Sarajedini et al. (2011) where V-band selected variables were found to have generally softer X-ray spectra based on hardness ratios.
The optical to X-ray ratio of AGN has been studied in detail and shows a rather small dispersion (Brandt, Laor & Wills 2000; Strateva et al. 2001 ). Fig. 7 shows the correlation between the 0.5-8 keV X-ray flux and optical luminosity for both the AGN candidates and the general 4-Ms catalogue, for sources without X-ray detection, we show the catalogue upper limits. The AGN candidates follow the general trend of the X-ray catalogues, however, they avoid the area of very X-ray-dominated AGN. The AGN candidates cover almost the whole range in X-ray luminosities. X-ray detections are provided in Table A1 in Appendix A.
Nine of the twenty X-ray detected AGN are morphologically dominated by the AGN. 11 are clearly extended. Of the nine point-source-dominated objects, only two have clearly visible host galaxies. The absorption corrected X-ray luminosities for the point sources with X-ray detection range 2.3 × 10 43 -3.6 × 10 44 erg s −1 placing them just below the knee of the X-ray luminosity function (Aird et al. 2010 ).
The 11 extended sources with X-ray detections have luminosities lower than those of the point sources, ranging between 3.4 × 10 39 and 4.6 × 10 43 erg s −1 , all the way from low-luminosity to moderately luminous AGN. This reaches down to the limits found for local ultralow-luminosity AGN (Ho 2008) . The morphologies of the extended X-ray-detected AGN are varied: three late-type galaxies, three early-type galaxies, three disturbed systems as well as two clear disc-bulge mixtures. Two of the discs show clear central point sources, one shows a weak tidal tail, one of the irregular systems is classified as a train-wreck merger.
Out of the 20 X-ray-detected sources, five show SEDs clearly dominated by the galaxy, with best-fitting SEDs having very low levels of star formation. Inspection of the ACS B-band imaging data for all objects with galaxy-dominated SEDs show clear central compact sources.
Seven objects are classified as mixture objects, with AGN contributions in z ranging from 20 to 50 per cent. All of these show clear excess both bluewards of the Balmer break and in the IRAC bands with respect to galaxy templates. A representative example is shown in Fig. 8 .
The five objects with quasar-dominated SEDs are all point sources. Their SEDs are relatively flat spectra over a wide wavelength range. Redshifts for those objects are problematic. Several redshifts seem wrong even though they are spectroscopic. The featureless spectra make it difficult to determine proper redshifts.
One spectacular variability-selected object with X-ray detection is J033228.30−274403.6. The object has a photometric redshift of 3.25. The SED is fit reasonably by either a spiral or a Seyfert 1.8 SED. However, there are erratic jumps in the SED that indicate variability. The object is detected in the soft X-rays, but not the hard X-rays. The X-ray luminosity is 2.12 × 10 43 erg s −1 . The SED, as well as the image in z, is shown in Fig. 9 . The object is relatively faint, extended and highly disturbed. This fascinating source shows the incredible power of variability selection.
Properties of radio-detected AGN
Radio emission is prominent in only about 10 per cent of all AGN, however, in those radio-loud objects it can be significant. We therefore investigate the radio properties of the AGN candidates. Only five sources have radio detections. Of the five radio-detected variable AGN, three are radio-loud, J033210.91− 274414.9, J033217.14−274303.3 and J033239.47−275300.5. J033210.91−274414.9 and J033217.14−274303.3 are also detected in the X-ray. Morphologically, they are distinct, J033210.91− 274414.9 and J033217.14−274303.3 are point sources, while J033239.47−275300.5 is located in a close pair of galaxies with a weak stellar bridge. Of the five radio-detected AGN, two are low-redshift spirals and three are point-like objects. Three of the radio objects are also detected in the X-ray, two are compact sources and one is a low-redshift spiral galaxy. The SEDs of the radiodetected sources are discussed in more detail below. As expected, radio selection only identifies a small subset of AGN. Radio detection are provided in Table A1 in Appendix A.
J033210.91−274414.9 has a spectroscopic redshift of 1.6 and a photometric redshift of 1.86. It is extremely radio-loud, with a value log (R) ∼ 3.5, it is also detected in the X-rays with = 1.6 and has an absorption corrected absolute luminosity of 2.38 × 10 44 erg s −1 , making it one of the most luminous objects in this sample. The object has an absolute magnitude in z of −23.04. The entire SED is shown in Fig. 10 . The SED is rather peculiar. The optical-NIR spectrum is a power law. Such shapes are usually common in blazars: highly beamed, extremely variable AGN (Urry & Padovani 1995) . The spectra of this object show broad, but relatively weak, emission lines. The radio spectrum has a slope of α = 0.5, putting it just on the border between flat spectrum radio quasars (FSRQs) and steep spectrum radio quasars (SSRQs). This suggests that the object is likely a blazar.
J033217.14−274303.3 has a spectroscopic redshift of 0.566 and a photometric redshift of 0.49. It has a radio loudness log (R) ∼ 1.7 and is also detected in the X-ray ( = 1.87). The radio spectrum is rather flat (α = 0.5). An absolute magnitude in z of −22 puts it below the limit for quasars. The object is clearly extended with an early-type morphology. The object shows a clear contribution from a stellar bump as well as a steep rise at 8 µm, typical of many of the variability-selected objects discussed in the following sections.
J033239.47−275300.5 does not have a spectroscopic redshift. The photometric redshift is 0.64. It is radio-loud with log (R) ∼ 2.2 and is not detected in the X-rays. With an α of 0.4, it is the radio-detected object with the flattest spectrum in our sample. The AGN is located in an elliptical galaxy that is located in a galaxy pair. The second galaxy is also spheroidal but more symmetric than the galaxy with the AGN. They seem to be connected by a faint stream, suggesting that they are actually undergoing a merger. The projected distance between the two galaxies is about 1.2 arcsec, which corresponds to approximately 8 kpc at the redshift of the object. The SED is galaxy dominated. Apart from the extremely strong radio flux, there is no clear sign of AGN activity, however, we decide to keep this in the sample due to its radio loudness. Two of our objects (J033229.88−274424.4 and J033229.99−274404.8) are clearly extended spiral galaxies at very low redshift (both objects have a spectroscopic redshift of 0.076). They show clear extended spiral galaxy patterns as well as clear central point sources. Both objects have radii of about 2 arcsec. Both objects are detected in radio but are radio-quiet (R ∼ 2-3). Given the fact that the AGN contribution to the overall flux in these objects is lower than 10 per cent, this is a clear lower limit and the AGN itself is radio-loud in both objects. Both objects are very bright, with absolute z magnitudes around 16.5, making them moderately bright spiral galaxies with z band magnitudes around −21. One of the objects has spectroscopic data and shows a relatively featureless spectrum with only weak lines.
Because of the small contribution from the central point source, the X-ray emission is so weak that of those two object, only one (J033229.99−274404.8) is detected in the X-rays, with a low X-ray luminosity of only 1.3 × 10 40 erg s −1 and = 1.6. The other object remains undetected, even in the 4-Ms data. Interestingly, the two radio-detected spirals are at the same redshift and are only separated by a projected distance of 30 kpc. It is unclear if they are gravitationally bound or if tidal forces might have contributed to AGN activity in both of those sources, this might fit with an emerging picture that close interaction without actual merging enhance AGN activity (e.g. Ellison et al. 2011; Koss et al. 2012 ).
SEDs of AGN candidates not detected in X-ray or radio
In the following sections, we will shortly discuss those sources not detected in X-ray or radio, we will start by identifying false positives and then continue on to different subsamples of AGN, divided by percentage AGN contribution.
Likely false positives
While a large majority of objects in the sample show clear signs of AGN activity in their SEDs, in a few cases, the SEDs are very well described by a galaxy SED without other signs of AGN activity. In particular, there are six cases which might possibly not be AGN but false positive detections, we will shortly discuss their properties.
J033241.87−274651.1 is a 'tadpole'-type galaxy (see e.g. Straughn et al. 2006 , for a description of this class of galaxies). The best-fitting SED is a spiral galaxy SED, but the actual SED appears slightly reddened. While weak AGN activity in the 'head' is not excluded, this object is probably a false positive.
J033219.86−274110.0 is entirely galaxy dominated, with a bestfitting 'Sd' SED. The rest-frame ultraviolet (UV) imaging data show no clear central point source. The object appears to be undergoing a merger. It is very likely a false positive.
J033210.52−274628.9 appears to be somewhat reddened with respect to a normal S0 SED, there is no clear evidence of AGN activity in the SED. The object is very compact but resolved. It is likely a false positive.
J033246.37−274912.8 is reasonably well fit by a S0 SED, the morphology shows a clear mixture of bulge and disc components, there is no central point source visible in the rest-frame UV frames, this is likely a false positive.
J033209.57−274634.9 is reasonably well fit by an Sdm SED. There is a red excess that can be fit by including a quasi-stellar object (QSO) component, however, there is no UV excess. This might be explained by obscuration depressing the UV excess from star formation or possibly by invoking an UV-weak AGN. This source is possibly a false positive.
J033225.10−274403.2 is well fit by an S0 SED, it shows a clear disc+bulge morphology. It is at a redshift of 0.076 and very clearly extended. The UV excess in this source is extremely weak. This is likely a false positive.
We do caution that while those cases are likely false positives, these objects are marked in Table A1 in Appendix A. Note that all of these sources are in the 'normal' catalogue of variability-selected sources (Villforth et al. 2010 ) that is expected to contain around six false positives in the GOODS-S field. Therefore this false positive detection rate is expected. We no longer consider false positives in the following discussion.
Quasars
A total of 10 sources have quasar-dominated SEDs, four of which are X-ray detected, one source is detected in both radio and X-ray, leaving six sources with quasar-dominated SEDs but lacking Xray and radio detection. Redshifts for these sources are relatively unsecure.
Seyferts
As Seyferts, we label objects not detected in the X-rays but with SEDs classified as mixtures (the AGN contributes between 10 and 90 per cent in the z band). A total of 19 objects show mixture fits, of which nine are detected in neither X-ray nor radio. A representative example of this group is shown in Fig. 11 . Similar to X-ray-detected AGN with mixture SEDs discussed in the previous section, these sources show clear excesses both bluewards of the Balmer break as well as in the IR.
Ultralow-luminosity AGN
As ultralow-luminosity AGN, we label those sources for which the mixture fits indicate AGN contributions below 10 per cent. 14 objects belong to this class, of which eight lack both X-ray and radio detection. In general, their SEDs resemble the SEDs of Seyfert-type objects, showing excesses in both the UV and mid-IR (MIR). However, for those objects the excesses are notably weaker. The extra component needed to fit the SED is in general bluer than the QSO template SED, indicating a hotter accretion disc. This is expected for less massive black holes (e.g. Laor & Netzer 1989) . A representative example is shown in Fig. 12. 
Failed fits
The failed fit sources are well fit neither by a mixture model, single galaxy or AGN SED nor a stellar SED. 12 objects belong in this group. Their SEDs show erratic bumps that are indicative either of variability or strong line emission, failed fits objects show no clear SED features such as breaks that are reproduced by the templates. Fig. 13 shows a representative example of this group, apart from the poor fit, it is apparent that there is no clear stellar IR bump that it usually needed to provide a reasonable fit. Failed fit objects are generally faint but extremely compact, their featureless SEDs Figure 13 . SED of J033219.81−275300.9 with best-fitting mixture SED overlaid, the SED is clearly bumpy and yields a poor fit for all templates. Inset plots show a 5 × 5 arcsec 2 cut-out of the object in z.
and erratic bumps indicate that they are highly variable and likely quasar dominated. Since no good fit is found for those objects, their redshifts are poorly constrained. Carefully modelling the variability across the wavelength regime in these sources might help recover the underlying SED, but this is beyond the scope of the current paper.
IRAC colours
IRAC colour selection has commonly been used as a way to select AGN. Because of the fact that the dust in AGN is heated to a higher temperature than in normal star-forming galaxies, their IR SEDs show considerable differences (e.g. Sanders et al. 1988; Lacy et al. 2004; Stern et al. 2005; Donley et al. 2008) . Two different IRAC colour-colour plots have been suggested to separate AGN from star-forming galaxies: Lacy et al. (2004) and Stern et al. (2005) , both defined a wedge within which most objects should be AGN dominated. Fig. 14 shows the colour-colour plots for AGN candidates as well as the full GOODS-S sample. For the AGN-dominated sources with IRAC detection, 80 per cent are in the Lacy wedge and 50 per cent are inside the Stern wedge. For the mixture objects 83 per cent/54 per cent are inside the wedge for Lacy and Stern, respectively. For the galaxy-dominated sources, those numbers drop to 12 per cent/0 per cent for Lacy and Stern, respectively. For the objects with failed fits, 54 per cent/18 per cent would be flagged as possible AGN using the Lacy and Stern correction, respectively. This shows that both selection methods recover moderately luminous AGN but are not suitable to detect the lowest luminosity AGN. Donley et al. (2008) have studied the reliability of different AGN IR selection techniques and found that contamination of normal star-forming galaxies is rather common in both the Lacy and Stern wedge, especially when low-luminosity sources are included. They showed that the colour-colour selection will include most actual AGN, but with a significant contamination. However, here we demonstrate that low-luminosity AGN can be located outside the Stern and Lacy wedges. We therefore argue that IR colour-colour selection misses most low-luminosity systems in which the SED is dominated by the galaxy, as also noted in Donley et al. (2012) .
Summary of SED-fitting results
Here we will summarize the results presented in Section 3.
SED fist were performed on 71 of the initial 88 sources found in GOODS-S by Villforth et al. (2010) , the rejected 14 objects being stars previously identified in the literature. SED fits revealed another 10 stars, mostly of G-M type, listed in Table A2 in Appendix A but further disregarded in the analysis. This leaves 61 AGN candidates.
For the remaining 61 AGN candidates UV-IR AGN/galaxy mixture SED fits were performed, six are likely false positives, in good agreement with the expected number of false positives in the sample. This leaves 55 confirmed AGN. 43 had successful fits, leaving 12 failed fits, discussed in Section 3.7. 20 sources have X-ray detection, five have radio detection and three are detected in both X-ray and radio. Of the 43 sources with successful fits, 10 are quasar dominated, 19 are mixture objects and 14 are galaxy dominated. Especially the low-luminosity AGN would be missed by IRAC selection techniques.
In summary, we show that variability selection can reliably identify AGN far below the limits of even extremely deep X-ray data and not identified using commonly used IRAC colour-colour selection methods. SED fits where successful for 43/61 sources, with the remaining SEDs showing clear non-stellar SEDs with clear bumps, indicating that they are indeed AGN. 
T H E H O S T G A L A X I E S O F VA R I A B I L I T Y-S E L E C T E D AG N
Morphologies of variability-selected AGN
The properties of AGN host galaxies are of importance for understanding the triggering mechanisms of AGN. In this section, we will discuss the morphologies of the host galaxies in this sample. Morphological classification is performed by eye. The classifications scheme is described in detail in Appendix A, and all morphological classifications are provided in Table A1 . In the following discussion we will distinguish between unresolved sources, discs, bulges, disc-bulge mixtures, mergers and unclassifiable. Fig. 15 shows the morphologies in the luminosity-redshift parameter space. Interaction is common, especially at the low-luminosity end. At lower redshift, late-type morphologies dominate. No AGN is hosted by an early-type galaxy at redshifts higher than ∼1. Out of the 12 sources classified as late type, eight show clear central compact sources, two sources show weak tidal tails indicating possible recent mergers. For five out of 12 late-type hosts, the orientation can be determined clearly, of those, four are face-on while only one is clearly edge on. While the numbers are too small to perform a detailed analysis, this might indicate that variability selection is more successful in face-on systems. This could either indicate that AGN are aligned with the host galaxy, or that absorption is stronger in edge-on systems.
Out of the mere five early-type galaxies, only two show very obvious central compact sources and one shows a close-by neighbour (J033239.47−275300.5, discussed in more detail in Section 3.5). Five objects are classified as disc-bulge mixture, of which one is clearly edge-on. All of those spheroids were best fit with an S0 galaxy template and show AGN contribution in z of ∼5 per cent. have nearby neighbours and one shows a weak tidal tail. Implications of these findings will be discussed in Section 6.
Red sequence and blue cloud: are variability-selected AGN experiencing quenching of star formation?
One of the questions that is commonly discussed is if and how strongly AGN activity correlates with star formation in the host galaxy. To address this question, we show the level of ongoing star formation in the host galaxies as a function of redshift and luminosity. We divide the host galaxy SEDs into three groups: purely passive (no young stellar population), mildly star forming (contribution from unobscured young star-forming regions) and starbursting (young stellar population dominant, considerable reddening). The results are shown in Fig. 15 . Starburst-type SEDs are common only in high-luminosity AGN, low-luminosity AGN hosts are dominated by either mildly star forming or passively evolving host galaxies. The implication of these finding will be discussed in Section 6.
It has been noticed that galaxies often fall into two rather distinct groups: massive, passively evolving 'red and dead' elliptical galaxies and star forming, less massive spiral galaxies (e.g. Strateva et al. 2001; Balogh et al. 2004; Faber et al. 2007) . These groups are known as the red sequence and blue cloud. Additionally, there is a transitional phase of green valley galaxies in which the star formation is just turning off (e.g. Strateva et al. 2001; Balogh et al. 2004; Faber et al. 2007 ). It has been argued that the host galaxies of AGN should be located in the green valley since the AGN could be responsible for quenching the star formation (Silk & Rees 1998; Hopkins et al. 2008; Somerville et al. 2008) . Evidence for this scenario has been mixed (Cardamone et al. 2010; Schawinski et al. 2010) . We show the location of the host galaxies of our AGN with respect to the red sequence and blue cloud in Fig. 16 . The AGN host galaxies are located in all areas of the colour-magnitude diagram. In the two low-redshift bins, the hosts of AGN are found in the green valley as well as the red sequence. In the two higher redshift bins, the AGN host galaxies are located in the blue cloud Figure 16 . Optical colours of variability-selected AGN host galaxies from SED fits compared to the full sample of galaxies. Colours indicate star formation level: red: passive; green: moderately star forming; blue: strongly star forming. Symbols indicate morphology, as described earlier in Section 4.1: stars: point source; triangle: interacting; circles: discs; pentagons: elliptical; x: unclassified. Only sources with successful fits that have not been identified as false positives are shown. as well as the green valley. V-band selected variable AGN hosts appear to be distributed over a range of colours as well, from the red sequence through the green valley and into the blue cloud (Sarajedini et al. 2011) . A slightly higher fraction of blue cloud hosts were found among the variability-selected AGN when compared to those identified in X-ray surveys.
We caution that the technique used to determine host galaxy colours does not entirely remove the contamination from the central source and might therefore be biased. Properly accounting for this effect would require careful point spread function (PSF) fitting in multiple bands which is beyond the scope of the current study. In the redshift range below z < 0.75, the location of AGN host galaxies in the red sequence and blue cloud is comparable to the Seyfert host galaxies studies by Schawinski et al. (2010) : the late-type hosts are predominantly located at the high-mass end and avoid the blue cloud.
Are more luminous AGN located in higher mass galaxies?
An important aspect regarding the properties of AGN hosts is the fact that more luminous AGN seem to be hosted by more luminous and therefore more massive galaxies (e.g. Hutchings, Crampton & Campbell 1984; Bahcall et al. 1997) . We show the relation between galaxy and AGN magnitudes for our sample in Fig. 17 (at rest frame ∼1 µm), together with comparable data from the literature (Kotilainen et al. 2006 (Kotilainen et al. , 2007 Hamilton, Casertano & Turnshek 2008) . Our data show that there is a clear correlation between the luminosities of AGN and their hosts. However, the luminosity of the AGN rises faster than the luminosity of the galaxy similar to findings in other studies (e.g. Hutchings et al. 1984; Bahcall et al. 1997; Schramm et al. 2008 , and references therein). This can be interpreted as a sign that higher mass black holes accrete at higher Eddington ratios. But it can also imply a tendency for black holes in more massive galaxies to be comparably overmassive, i.e. have higher M BH to M galaxy ratios. However, in a few cases, the galaxy luminosity is observed to rise faster at the high-luminosity end (Schramm et al. 2008 ). Also, rare cases in which high-luminosity AGN show no sign of host galaxy contribution are known (Magain et al. 2005) .
Selection effects play an important role in this context. Systems with very bright AGN and very faint hosts (lower right-hand corner of Fig. 17 ), while not generally selected against, have SEDs clearly dominated by the AGN and therefore galaxy magnitudes are difficult to derive. On the other hand, systems with very high galaxy to AGN luminosity ratios (upper left-hand corner of Fig. 17 ) are selected against because the AGN in such systems are evasive and will not be identified as AGN, even using variability selection. Another effect is that high-redshift AGN are generally more luminous (Croom et al. 2009 ), moving them towards the upper right-hand corner. Selection effects also differ at higher redshifts: systems with high AGN-galaxy luminosity ratios are even harder to detect due to surface brightness dimming. Additionally, galaxy-dominated systems are also harder to detect since low-luminosity AGN are more difficult to identify at higher redshifts. This should results in a narrowing of the accessible parameter space towards higher redshift.
To analyse the correlation in more detail, we have performed a linear fit to the data for the full sample, as well as a number of subsamples. The fit for the entire sample shows a flat slope of ∼0.76, similar to the slopes found in similar earlier studies (Hutchings et al. 1984; Bahcall et al. 1997 ). This therefore indicates higher Eddington ratios in more luminous AGN or comparably overmassive black holes in these systems. The latter might indicate that those AGN are in a later stage of their black hole growth.
Dividing the sample into subsamples according to the star formation level in the host, we find that the slope is significantly flatter for AGN with active star formation. This seems to indicate either that the tendency for higher mass black holes to show higher Eddington ratios is more strongly pronounced in actively starforming systems, while it is weak for AGN with passive hosts. But it can also mean that star-forming systems are generally in a more advanced stage of black hole growth where the black hole is comparably more massive. This could indicate that those systems are nearing the end of their activity. Figure 17 . The relation between AGN nuclear and galaxy magnitude at a rest-frame wavelength of ∼1 µm. Colours indicate subsamples used for fits. In the left-hand panel, those are green: objects showing signs of interaction; magenta: objects showing no signs of interaction. In the right-hand panel: red: passive, i.e. no ongoing star formation; blue: active (ongoing star formation). Thin black lines show constant galaxy/AGN luminosity ratios with offsets of −5 to 5 mag. Symbols indicate morphology, as described earlier in Section 4.1: stars: point source; triangle: interacting; circles: discs; pentagons: elliptical; x: unclassified. Small black dots are data from the Kotilainen et al. (2006 Kotilainen et al. ( , 2007 and Hamilton et al. (2008) . Only sources with successful fits that have not been identified as false positives are shown. Dividing the sample into subsamples according to morphology, we find that there is no significant difference in the slope, but that there is a clear offset between the two data sets: AGN in interacting hosts having on average either higher Eddington ratios or larger M BH /M galaxy ratios. It is however unclear if these findings are due to selection effects or if the trends found here reflect actual physical trends in the AGN population. Studying connections between host galaxies and AGN is complex, and it has been shown that carefully implementing selection effects can remove certain trends (e.g. Aird et al. 2012).
T H E E N V I RO N M E N T S O F VA R I A B I L I T Y-S E L E C T E D AG N
In the context of AGN triggering, it is of importance to understand the environments of AGN of different types, since this can constrain suspected triggering mechanisms such as major or minor mergers, disc instabilities or inflow of gas.
To assess the environment of our AGN sample, we use the largescale structure maps for GOODS-S from Salimbeni et al. (2009) . They used the catalogues of galaxies in GOODS-S with both spectroscopic and photometric redshifts to identify groups and clusters of galaxies. A total of 12 overdensities where found in GOODS-S, with redshifts between ∼0.6 and 2.5. These overdensities overall represent larger groups rather than clusters, with virial masses on the order of 10 14 M and peak overdensities of 6-10. Fig. 18 shows the galaxy groups from Salimbeni et al. (2009) as well as all variability-selected AGN in the same redshift regime.
It is noticeable that some sources that are located near the centres of overdensities have been classified as late-type or disc-bulge mixtures while interacting systems as well as luminous AGN are either located towards the edges of overdensities or in the field areas. This seems to run counter to previous findings and theoretical expectations (e.g. Strand, Brunner & Myers 2008; Hickox et al. 2009; Hopkins & Hernquist 2009 ) that high-luminosity systems show enhanced clustering on small scales while Seyferts do not. In particular, this is surprising in the light of the expected connection of quasars with major mergers and Seyferts with secular processes (Hopkins & Hernquist 2009 ). Generally, our sources do not seem to favour dense areas, somewhat consistent with finding that AGN are on average slightly less clustered than normal galaxies (e.g. Constantin & Vogeley 2006; Li et al. 2006) .
Another hint towards triggering mechanisms is nearest neighbour distances. We measure the projected distance to the nearest neighbour for each object and compare the results for the AGN to those of the general population. The distributions differ significantly: variability-selected sources show a clear excess of close-by neighbours (Fig. 19) . The significance of the nearest neighbour excess depends on the accepted redshift mismatch used for matching a neighbour. (The values are p = 4.5 × 10 −5 for σ z = 0.1, p = 0.001 for σ z = 0.05 and p = 0.08 for σ z = 0.01 using two-sample KS.) The decreasing significance for stricter matching in redshift might indicate a spurious result. However, with a typical scatter in the photometric redshifts of about 0.04, the more strict matching criteria will likely miss actual close neighbours. We find that using the 0.05 results (corresponding to typical scatter in the photometric redshifts) the closest neighbours of AGN hosting galaxies are on average at a projected distance of about 72 kpc, while those of the control sample are on average at a distance of about 101 kpc (Fig. 19) . The results argue for a possible enhancement of AGN activity through tidal interactions. There is no clear trend for galaxies with more close-by neighbours to preferentially have disturbed morphologies or starburst SEDs. This might indicate that weak tidal interaction may trigger AGN activity without significantly disturbing the host. The implications of these finding will be discussed in more detail in Section 6.
D I S C U S S I O N
In this paper, we have shown that variability selection identifies low-luminosity AGN up to moderately high redshift. We have also demonstrated that commonly used selection methods would have missed a large number of these objects. We have also clearly demonstrated that those sources are indeed AGN using SED fitting. In this section, we aim to discuss the implications of these findings for AGN triggering mechanisms.
Theoretical models propose a number of different possible triggering mechanisms for AGN. Triggering an AGN requires funnelling substantial amounts of cold gas to the vicinity of the black hole while losing a large fraction of its angular momentum. Several mechanisms could be invoked to achieve this.
The most popular triggering mechanisms currently discussed are major (wet) mergers: during a major merger of two gas-rich systems, a large reservoir of gas is available, gravitational torques allow cold gas to settle to the centre. This gas reservoir can be used to fuel both a central starburst and an AGN. This scenario has been proposed early (Sanders & Mirabel 1996; Silk & Rees 1998) and has recently gained popularity due to its ability to alleviate problems in galaxy formation models (e.g. Hopkins et al. 2008; Somerville et al. 2008 ). However, while early observations seemed to support this scenario (e.g. Canalizo & Stockton 2001) , recent studies seem to imply that it is not responsible for the triggering of a majority of AGN (Cisternas et al. 2011a,b; Kocevski et al. 2012; Schawinski et al. 2012) .
Observable signatures for an AGN triggered in a recent merger are disturbed morphology, a recent starburst as well as a possible lack of close-by neighbours. While disturbed morphologies are common in the host galaxies of the variability-selected AGN, they are seldom accompanied by starburst SEDs. Also, the fact that the closest neighbour of the AGN in this sample are at a smaller distance than for the general population might speak against such a scenario. Furthermore, the host galaxies of the AGN in this sample do not preferentially populate the green valley, as is expected for many models (e.g. Hopkins et al. 2008 ). However, since we did not attempt to compare the morphologies and star formation rates to a properly matched comparison sample, these results remain tentative. While we cannot exclude major mergers as a trigger for at least some of the AGN in this sample, we do not find evidence for major mergers being the dominant process of AGN triggering. Our findings agree with recent studies finding that while merger triggering is likely in a subset of AGN (Ramos Almeida et al. 2012) , it is not dominant in the general population (Cisternas et al. 2011a,b; Kocevski et al. 2012; Schawinski et al. 2012) . On the other hand, the large incidence of disturbed morphology in our sample is consistent with other findings showing that disturbed morphologies are common in low-luminosity AGN (De Robertis, Yee & Hayhoe 1998b; Bennert et al. 2008) .
Minor mergers occur much more frequently than major mergers (Croton et al. 2006; Somerville et al. 2008; Lotz et al. 2011 ) but their signatures are more difficult to identify: disturbed morphologies last for shorter time in minor mergers and the morphologies deviate less from those of undisturbed galaxies (Lotz et al. 2011 ). Theoretical models suggest that minor mergers might indeed be important triggering mechanisms for lower luminosity AGN (e.g. Hopkins & Hernquist 2009 , and references therein). Minor mergers can cause disturbed morphologies in the host (Lotz et al. 2011 ) but are likely not sufficient to trigger major starbursts (Somerville et al. 2008; Hopkins & Hernquist 2009 ). This scenario agrees well with the findings that low-luminosity AGN show disturbed morphology but no signs of starbursts. This also is broadly consistent with the properties of Seyfert host galaxies (De Robertis et al. 1998b; Bennert et al. 2008; Constantin, Hoyle & Vogeley 2008) .
Other triggering mechanisms have also been suggested, including cold flows (Bournaud et al. 2011) , tidal triggering through first passage before a merger ) and bars in spiral galaxies (e.g. Shlosman, Frank & Begelman 1989; Knapen, Shlosman & Peletier 2000; Alexander & Hickox 2012) . Given the dominance of z < 1-2 sources in our sample, cold flow triggering is unlikely for sources in this particular sample since cold flows are more common at higher redshifts (Dekel & Birnboim 2006) . Also, the process proposed in Bournaud et al. (2011) will predominantly produced rather heavily obscured AGN, which are not part of our sample due to the selection technique used in this study. Spiral bars are not addressed in this study, the resolution is not sufficient to clearly examine the presence of bars in this sample, and we will therefore not comment on this possibility. However, we do note that late-type galaxies only represent a small subset of our sample at low redshift.
A mechanism that seems possible for our sample is triggering during first passage. We find an excess of close neighbours in our sample compared to the general galaxy population, but no clear difference in the general density. This is consistent with first passage triggering. Our findings are also consistent with other studies finding enhanced AGN fractions in close pairs (e.g. Ellison et al. 2011; Farina, Falomo & Treves 2011; Koss et al. 2012) . Interestingly, obscured low-luminosity AGN are found to have more close neighbours than unobscured sources (De Robertis, Hayhoe & Yee 1998a; Dultzin-Hacyan et al. 1999; Koulouridis et al. 2006 ). This might indicate that first passage triggering is connected with higher levels of obscuration. Given the preference of variability selection to find unobscured sources, the excess in close neighbours we find might therefore be a lower limit to the actual incidence of AGN with close neighbours.
While this seems somewhat cynical, there are several studies suggesting that AGN activity has no preference at all in environment (e.g. McLure & Dunlop 2001; Wold et al. 2001; Miller et al. 2003) or host galaxy mass as well as stellar populations (Aird et al. 2012) . These finding would imply a 'random' triggering process that has no preference on galaxy properties or environment. We caution therefore that this study is hampered by a lack of comparison sample, other studies have demonstrated that well-matched comparison samples are essential since some apparent trends can be solely due to selection effects (Cisternas et al. 2011a,b; Aird et al. 2012; Kocevski et al. 2012) .
Our findings are inconsistent with major merger triggering in a majority of sources, especially at the low-luminosity end. Our data suggest that minor mergers and triggering through first passage likely play a large role for lower luminosity AGN. A more detailed analysis of triggering mechanisms will require carefully matched control samples, this is however beyond the scope of the current study.
S U M M A RY A N D C O N C L U S I O N S
In this paper we have presented the SEDs, host galaxy properties and environmental properties of variability-selected AGN in GOODS-S. Our results can be summarized as follows.
(i) It has been demonstrated that variability selection can complement and expand other AGN selection techniques and expand them to much lower luminosities. Variability selection can reveal AGN too faint to be detected in even extremely deep X-ray exposures as well as AGN in which the galaxy emission is too dominant to reveal them as AGN in IR colour-colour plots. We have also shown that variability selection indeed identifies low-luminosity AGN and that contamination with normal galaxies is extremely small (6/88), consistent with expected false positive rates. This demonstrates that the method used in Villforth et al. (2010) predicts expected false positive rates correctly.
(ii) Careful SED analysis has revealed that a considerable number of red point source in the variability-selected sample turn out to be stars, in particular of types G-M . In total 24/88 objects from the initial sample turn out to be stars. This reveals the possibility of using variability selection also to find possible rare halo stars as well as the importance of more carefully checking point sources for further variability selection studies.
(iii) Of the 61 AGN candidates for which SED fits were performed, six are likely false positives, in good agreement with the expected number of false positives in the sample. Of the 55 confirmed AGN, 43 had successful fits, leaving 12 failed fits. 20 sources have X-ray detection, five have radio detection and three are detected in both X-ray and radio. Of the 43 sources with successful fits, 10 are quasar dominated, 19 are mixture objects and 14 are galaxy dominated.
(iv) SED fits reveal that variability selection is suitable for selecting AGN that contribute as little as 10 per cent to the overall emission in a given bands. Variability selection has revealed a considerable number of considerable sub-Seyfert AGN up to redshifts close to 3.
(v) Star formation in the hosts of AGN appears most prominent in the highest luminosity objects, while lower luminosity objects appear quiescent or moderately star forming.
(vi) The AGN hosts in these study do not have a preferred location with respect to the red sequence and blue cloud, rather the lower redshift low-luminosity objects are located in the red sequence and partially the green valley, while higher redshift and higher luminosity objects tend to lie in the blue cloud and partially the green valley. It is not possible to determine for this sample if the redshift or luminosity is the deciding factor for this difference.
(vii) Disturbed morphologies are common in variability-selected AGN and dominate the sample at low AGN luminosities, elliptical galaxies as hosts are rare.
(viii) We find that the luminosity of AGN and their hosts are generally correlated, but that the AGN luminosity rises faster than that of its host. These finding indicate that either the Eddington ratio or black hole mass to galaxy mass ratio might be higher in more luminous AGN. There are also tentative findings that this trend is stronger for AGN with ongoing starbursts and that AGN with disturbed morphologies on average have higher Eddington ratios or comparably overmassive black holes given their host galaxy mass.
(ix) There is no clear evidence for AGN favouring either very high density or very low density environments, however, there is a trend for AGN near the cores of groups to be hosted by late-type galaxies, high-luminosity AGN are only found in the field.
(x) Nearest neighbours are about 25 per cent closer in the variability-selected AGN sample than they are in the general population, arguing for tidal interactions as possible triggers for weak AGN activity.
(xi) We find possible indications for different triggering mechanisms at the high-and low-luminosity end. Lower luminosity AGN in this sample appear to be connected to events which disturb the hosting galaxy but are not capable of triggering extreme starbursts. We suggest minor mergers or tidal forces during first passage as possible triggering mechanisms. Higher luminosity AGN seem to be connected to events triggering strong starbursts, widely consistent with major mergers. However, since the AGN inhibits a careful analysis of the host galaxy morphology in those systems, it is unclear if they are connected to major mergers or other possible triggers. We would like to caution that we have not properly analysed selection effects. Further careful comparison with a control sample of non-AGN hosting galaxies could show if these findings are due to selection effects. This is however beyond the scope of the current paper.
This study therefore demonstrated the strength of variability selection, for the first time determined its reliability in identifying lowluminosity AGN that cannot be found and gave preliminary hints for the possible AGN triggering mechanisms in low-luminosity highredshift AGN.
A P P E N D I X A : M O R P H O L O G I C A L C L A S S I F I C AT I O N S A N D S TA R S
A1 Morphological classifications
Detailed morphological classifications are provided in Table A1 Table A1 . Variability-selected AGN. Name: GOODS ID; RA: right ascension; Dec.: declination; mag z : z-band apparent magnitudes; z: redshift, superscript indicates if the redshift is spectroscopic ( s ) or photometric ( p ; from Dahlen et al. 2010) ; morphology: morphological classification, see Section A for details; type: spectral type, quasar dominated (Q), mixture (M), galaxy dominated (G), failed fit (X), false positive (FP); AGN: best-fitting AGN SED; galaxy: best-fitting galaxy SED; ratio: AGN contribution; X-ray?: X-ray detected, yes/no; radio?: radio detected, yes/no.
